Simulating seawater intrusion in a complex coastal karst aquifer using an improved variable-density flow and solute transport–conduit flow process model by Xu, Z et al.
Lawrence Berkeley National Laboratory
Recent Work
Title
Simulating seawater intrusion in a complex coastal karst aquifer using an improved 
variable-density flow and solute transport–conduit flow process model
Permalink
https://escholarship.org/uc/item/0zs4h093
Journal
Hydrogeology Journal, 27(4)
ISSN
1431-2174
Authors
Xu, Zhongyuan
Hu, Bill X
Xu, Zexuan
et al.
Publication Date
2019-06-01
DOI
10.1007/s10040-018-1903-2
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
Simulating seawater intrusion in a complex coastal karst aquifer 
using an improved variable-density flow and solute transport–
conduit flow process model
Zhongyuan Xu1,2, Bill X. Hu3,4, Zexuan Xu5, Xiujie Wu2
1 College of Earth, Ocean, and Environment, University of Delaware, Newark, 
DE 19716, USA 2 College of Environment & Civil Engineering, Chengdu 
University of Technology, Chengdu 610059, China 3 School of Water 
Resources and Environment, China University of Geosciences (Beijing), 
Beijing 100083, People’s Republic of China 4 Institute of Groundwater and 
Earth Sciences, The Jinan University, Guangzhou 510632, Guangdong 
Province, People’s Republic of China 5 Climate and Ecosystem Sciences 
Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Zexuan Xu: xuzexuan@lbl.gov
Abstract
VDFST-CFP (variable-density flow and solute transport–conduit flow process) 
is a density-dependent discrete-continuum numerical model for simulating 
seawater intrusion in a dual-permeability coastal karst aquifer. A previous 
study (Xu and Hu 2017) simulates variable-density flow only in a single 
conduit, and studies the parameter sensitivities only in the horizontal case 
(2D domain as horizontal section) by the VDFST-CFP model. This paper 
focuses on the density-dependent vertical case (2D domain as vertical 
section) with two major improvements: 1) when implementing double-
conduit networks in the domain, simulated intruded plumes in the porous 
medium are extended in the double-conduit scenario, compared to the 
single-conduit system; 2) by quantifying micro-textures on the conduit wall 
by the Goudar-Sonnad equation and considering macro-structures as local 
head loss. Sensitivity analysis shows that medium hydraulic conductivity, 
conduit diameter and effective porosity are important parameters for 
simulating seawater intrusion in the discrete-continuum system. On the 
other hand, rougher micro-structures and additional macro-structure 
components on the conduit wall would reduce the distance of seawater 
intrusion to the conduit system, but, rarely affect salinity distribution in the 
matrix. Compared to the equivalent mean roughness height, the new 
method (with more detailed description of structure) simulates seawater 
intrusion slightly landward in the conduit system. The macro-structure 
measured by local head loss is more reasonable but needs further study on 
conduit flow.
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Introduction
Fresh groundwater in a coastal region can be easily contaminated by 
seawater intrusion, which is affected by sea level ris, regional precipitation 
deficit, and over-pumping. Seawater intrusion is related to several serious 
environmental issues, including eco-alteration at the marine and estuarine 
areas, coastal groundwater contamination and soil salinization (Bear et al. 
1999; Xu et al. 2018b). Coastal groundwater resources are particularly 
vulnerable to frequent seawater–freshwater exchanges in a karst aquifer, 
which consists of relative high-permeability conduits and low-permeability 
porous media. Submarine springs are usually observed and connected with 
the karst conduits in the aquifer. Depending on the hydraulic gradient, either
freshwater discharge or seawater intrusion directions can be found in the 
submarine springs and connected karst conduits (Fleury et al. 2007). 
Groundwater flow in conduits is usually much faster than that in a porous 
medium, and may lead to long-distance seawater intrusion into a karst 
aquifer (Xu et al. 2016). Some studies indicate that intrusion through these 
submarine spring conduits fluctuates seasonally, associated with 
precipitation cycling (Arfib et al. 2006; Fleury et al. 2007; Davis and Verdi 
2014; Xu et al. 2015b). However, the investigation of seawater intrusion 
through karst conduit systems is still a challenging issue due to the 
insufficient observational data, uncertain conduit geometry and the 
difficulties associated with underground conduit system exploration (Werner 
et al. 2013; Xu et al. 2016).
The directly observed karst conduits are just a small part of the whole karst 
system, and the complexity of the karst system is strongly uncertain; this 
uncertainty includes the location, density and connectivity of the conduit 
network (Pardo-Igúzquiza et al. 2011). Some researchers have demonstrated
significant disturbance of conduit bifurcations using tracer tests 
(Goldscheider et al. 2008; Li 2012). Even in the synthetic case, the 
complexity of the network amplifies the variability in seawater intrusion 
compared with the single conduit (Sebben et al. 2015). Thus, comparing a 
double-conduit and single-conduit system is necessary for investigating 
seawater intrusion distance and influence on matrix salinity distribution. In 
addition, the geometry of the conduit is also a complex factor that needs to 
be considered in the flow calculation. Tam et al. (2004) pointed out that the 
sump in the conduit system acts as a barrier to delay the tracer transport 
process and results in a two-peak breakthrough curve. Field and Pinsky 
(2000) indicated that conduit irregularities may produce vortices and eddies 
in the groundwater flow and form an immobile fluid region. Hauns et al. 
(2001) used 3D computational fluid dynamics (CFD) code to investigate 
solute retardation by longitudinal changes in the conduit geometry, and they
indicated that the retardation tends to be transformed to symmetrical 
dispersion with distance. In this study, the conduit surface irregularity is 
represented by surface structures, and the equation of local head loss is 
applied to calculate flow fluid through these structures.
Seawater intrusion is a dynamic process of variable-density fluid flow, and 
several numerical models have been developed for modeling variable-
density groundwater flow in a porous medium, including SUTRA (Voss 1984), 
MOCDENSE (Sanford and Konikow 1985) and HST3D (Kipp 1997). SEAWAT 
(Guo and Langevin 2002; Langevin et al. 2003; 2007) is a very popular 
numerical model for simulating coupled variable-density groundwater flow 
and solute transport. Xu et al. (2018a) used the SEAWAT model to 
investigate seawater intrusion in a costal karst aquifer and highlight the 
impacts of the conduit network. However, SEAWAT is limited in that it is only 
applicable for laminar groundwater flow by solving Darcy’s equation in a 
porous medium; it is not suitable for the non-laminar flow in a karst aquifer. 
Non-laminar flow simulation is more complex than the laminar flow in porous
media by Darcy’s Law. Shoemaker et al. (2008) developed the MODFLOW-
CFP model by coupling the conduit flow process (CFP) with MODFLOW 
(Harbaugh et al. 2000; Harbaugh 2005), which is applicable only in porous 
media based on Darcy’s law. MODFLOW-CFP computes the transition of 
laminar flow and turbulent flow by the Reynolds number, and solves the 
turbulent flow in conduits using the Darcy-Weisbach equation. In various 
studies, Reimann and colleagues (Reimann et al. 2011, 2013, 2014) 
enhanced CFP by adding conduit-associated drainable storage (CADS) and a 
time-dependent boundary condition to investigate mass and heat transport 
in a karst aquifer. Xu et al. (2015a, 2015b) applied CFPv2 and UMT3D 
(Spiessl et al. 2007) to study nitrate transport and freshwater/seawater flow 
cycling in the Woodville Karst Plain of northern Florida (USA), a regional-scale
well-developed karst aquifer. Thus, combining the variable-density flow 
equation and turbulent flow equation is essential for exploring seawater 
intrusion in coastal karst aquifers.
Xu and Hu (2017) developed the VDFST-CFP model to simulate density-
dependent flow and salinity variation in a dual-permeability karst aquifer 
system. However, only two 2D synthetic horizontal and vertical benchmarks, 
with one conduit in each case, were discussed in the previous study. To 
enable the simulation of a more complicated conduit system and more 
accurate conduit flow calculation, this paper develops a double-conduit 
system based on the framework and algorithm in Xu and Hu (2017), fully 
discusses the vertical benchmark case, and investigates the influence of 
macro-structures and variations of conduit roughness on density flow 
simulation in a karst aquifer. These improvements provide insights on 
simulating more complex karst hydrology systems and on mitigating model 
uncertainty in a field application.
Mathematical methods
VDFST-CFP is a variable-density discrete-continuum numerical model for 
simulating density-dependent groundwater flow in karst aquifers with a 
conduit system. The hydrology and salt transport equations are solved under
implicit iterative procedures. The groundwater flow field equation is affected 
by water density, which is determined by the salinity from the previous time 
step, and salinity is then calculated by the flow field for density computation 
in the next step. This iterative process is repeated within each time step until
a convergence value of fluid density difference is reached. The density-
dependent Darcy-Weisbach equation is applied on the groundwater flow in 
the karst conduit, and is solved iteratively by the Newton-Raphson method 
(Xu and Hu 2017).
VDFST-CFP
In the dual-permeability model, the movement of density-dependent water in
the porous media and conduit system is quantified by different equations. 
The finite-difference equations of SEAWAT (Guo and Langevin 2002; Xu and 
Hu 2017) are adopted in this study to describe variable-density flow and 
solute transport in porous media. Variable-density flow in a karst conduit is 
described by the density-dependent Darcy-Weisbach equation, which is 
derived from the Bernoulli and Darcy-Weisbach equations (Xu and Hu 2017):
where Q is the volumetric flow rate [L3 T−1]; A is the cross-sectional area 
perpendicular to the flow [L2]; f is the friction factor [dimensionless]; d is the 
diameter of the karst conduit [L], g is the gravitational acceleration constant 
[LT−2]; z is the elevation [L]; hf is the equivalent freshwater head [L]; l is the 
karst pipe length [L].
The conduit system in Eq. (1) is discretized into several nodes and tubes (Fig.
1). The equivalent freshwater head and solute exchange with the porous 
medium are calculated at each node for every time step. The flow rate at a 
specific conduit node is
where Qn is the volumetric flow rate at conduit node n [L3 T−1]; Qn ± 1/2 are the 
flow rates in the conduit pipes which are connected with nodes n and n ± 1 
[L3 T−1].
This study considers complex conduits with several junctions. The multi-
conduit network is more complex than the single-conduit system when 
considering the flow directions at the junction points. The nodal flow rate of 
the junction point is derived from Eq. (2) (Fig. 1),
where Qn + l − 1/2is the volumetric flow rate between conduit nodes n and n + l 
[L3 T−1].
The conduit transport can be described by the one-dimensional advection-
dispersion equation as
where Cl is the solute concentration [ML−3] in the conduit tube l; ql is the flow 
velocity in conduit tube l, which is calculated by the flow rate within conduits 
[LT−1]; Ddis is the dispersion coefficient within the conduit.
The concentration at a specific conduit node is calculated by the following 
equation
where Cn is the weighted arithmetic mean of the solute concentration [ML−3] 
at conduit node n, which is determined by the flow rates and concentrations 
in neighboring conduit tubes, the exchanges with the surrounding porous 
medium, and sink/source terms (the superscript “+” indicates the inflow 
terms at conduit node n, and in this equation, only inflow terms are 
considered in the concentration calculation); Cn,s is the solute concentration 
of the sources or sinks in conduit node n [ML−3]; Qn,s is the volumetric flow 
rate from the sources at conduit node n [L3 T−1].; Cn,l is the solute 
concentration in the neighboring tube l of node n [ML−3]; Q+n,lQn,l+ is the 
discharge from tube l into conduit node n [L3 T−1]; Qn,ex is the exchange flow 
rate between node n and matrix block i,k [L3 T−1]; Ci,k is the solute 
concentration of matrix block i,k [ML−3].
Conduit roughness
The density-dependent Darcy-Weisbach equation is used in this study for 
modeling laminar and turbulent flow in karst conduits. The Reynolds number 
is a key parameter in the transition between laminar and turbulent flow,
where Re is the Reynolds number [dimensionless]; q is the velocity based 
on the cross-sectional area of the conduit or pipe [LT−1]; D is the conduit 
diameter [L]; u is the kinematic viscosity of the fluid [L2 T−1].
Surface roughness determines the friction factor in the conduit flow 
calculation. The friction factor f [dimensionless] is determined by f = Re/64 
for laminar flow (Re < 4000) (Reimann et al. 2011). For turbulent flow (Re > 
= 4000), the relationship between the friction factor, the Reynolds number 
and the relative roughness is more complex; one model for this relationship
is the Colebrook-White formula (Colebrook and White 1937; Shoemaker et 
al. 2008). However, the Colebrook-White formula is solved iteratively and is 
time-consuming; therefore, many historical approximations of the 
Colebrook-White equation have been developed (Zigrang and Sylvester 
1982; Barr 1981; Romeo et al. 2002). The Goudar-Sonnad equation (Goudar
and Sonnad 2008) is one of the approximation methods of the Darcy-
Weisbach friction factor that is used in this paper. The applicable range of 
the Reynolds Number (Re) is 4000 to 108 for the Goudar-Sonnad equation,
The mean roughness height kc is a key parameter for determining the friction
factor in the conduit, which can be used as the average height of the micro-
textures on the conduit wall,
where L is the length of the pipe [L]; x is the location of a certain structure or
texture in the pipe [L], herein as the pipe wall surface; z is the height of the 
structure or texture corresponding to x [L].
Marco-structures of conduits
Surface roughness is conceptualized by the high-frequency, short-
wavelength micro-structures on the surface of the pipe wall. However, 
macro-structure components in well-developed karst regions, including 
cavities on the conduit wall or stone stacking on the conduit bottom (Fig. 2a) 
that may strongly affect the friction factor and conduit flow, are addressed in
this study. These macro-structures are considered as pipe expansions and 
contractions instead of diameter variations under high-resolution grid 
discretization (Fig. 2b and c). The conduit–matrix water exchange is 
calculated at each node of the conduit system, and is assumed to be 
unchanged with the variation in diameter within each tube. Expansion and 
contraction slow the conduit flow by producing additional head losses, which 
are referred to as local loss and are related only to the height, length, 
number of structures and the velocity of water flow into the structure. The 
friction head loss is defined as the regular head loss in the pipes due to the 
conduit wall friction factor. The local head loss is associated with the 
expansion and contraction, expressed in terms of loss coefficient (Cengel 
and Cimbaia 2004).
where htotal is the total head loss [L], hfric is the friction head loss [L], and hlocal 
is the local head loss [L]; i represents each pipe section with constant 
diameter, and j represents the number of a component that causes a local 
loss; M and Mj are loss coefficients [dimensionless]; L is the pipe length [L]; D
is the constant diameter [L]; Vi is the flow velocity in a constant-diameter 
section [LT−1]; Vj is the flow velocity of fluid that flows into the component j 
[LT−1].
Assuming these macro-structures can be regarded as sudden contraction 
and expansion for simplification, the loss coefficients (M in Eq. (9)) are 
calculated using Eqs. (11) and (12) (Crane 2009). The gradual contraction 
and expansion could also be applied in these equations if divergence angles 
are determined; the relative equations are in reference to Crane Co. (Crane 
2009).
where Mexp is the loss coefficient of expansion [dimensionless] and Mcon is the 
loss coefficient of contraction [dimensionless]; βe and βc are the ratio of 
smaller diameter to larger diameter [dimensionless], for the expansion case, 
βe = D/De, and for the contraction case, βc = Dc/D.
Based on Eqs. (11) and (12), the total head loss of the conduit with an 
expansion that represents a cavity on the conduit wall, or a contraction 
which represents stones stacked on the bottom of the conduit, is expressed 
below, assuming that the exchange flows between the conduit and porous 
medium are constant among the neighbor expansion and contraction tubes.
where in the expansion condition (Fig. 2b), D′ = De, M1 = Mexp, M2 = Mcon; in the
contraction condition (Fig. 2c), D′ = Dc, M1 = Mcon, M2 = Mexp.
Local head loss can be expressed in terms of equivalent length Leq (Cengel 
and Cimbaia 2004), for the conduit with an expansion (Fig. 2b):
For the conduit with a contraction (Fig. 2c):
The total loss equation of expansion and contraction by using equivalent 
length is
Numerical simulation
Conceptual model
Figure 3 shows the conceptual model of seawater intrusion and brackish–
freshwater exchange at a typical coastal karst aquifer. Seawater intrudes 
landward in two ways: (1) seawater gradually migrates through the porous 
medium and leads to a freshwater–seawater mixing zone in the coastal 
aquifer, and (2) seawater flows into submarine karst conduits when the 
hydraulic gradient is landward and contaminates freshwater further inland.
Two synthetic benchmark models were set up to validate the VDFST-CFP 
model (Xu and Hu 2017): the horizontal benchmark was developed to verify 
the groundwater flow and solute transport simulation based on the discrete-
continuum approach; the vertical case was used to evaluate the salt 
transport and relevant density-dependent flow in the model. This study 
modifies the vertical case based on Xu and Hu (2017) and shortens the 
length of cross section for both single-pipe and double-pipe vertical models. 
Meanwhile, the variable-density continuum SEAWAT model is developed and 
compared with the cases using the VDFST-CFP.
Model domain
It is difficult to simulate the karst process exactly at the field scale using the 
current version of VDFST-CFP without further optimization, due to the 
unaffordable computational cost for fine resolution of the discretization grid. 
A smaller 2D vertical benchmark than that of Xu and Hu’s (2017) model is 
shown in Fig. 4. The spatial discretization of this aquifer system consists of 
70 columns, 20 layers and one row. The widths of the row and column for 
each cell are both 15.24 m, and the thickness is 3.05 m in each layer. The 
elevation of the surface layer starts from 10.36 m below sea level (BSL) at 
the leftmost and gradually rises to 5.79 m BSL at the rightmost end. In the 
single-conduit model, the conduit system begins at the top of column 11, 
downward to layer 15, and then extends horizontally to column 68, and 
finally upward to the top of column 68 (Fig. 4a). In the double-conduit model,
another conduit is added to the single-conduit model, which starts from layer
12, column 11, and then extends horizontally to connect with the vertical 
conduit at column 68 (Fig. 4b). In both models, the first and last nodes of the
conduit system are set as submarine spring and inland karst spring, 
respectively.
Boundary conditions and initial conditions
The aquifer is assumed to be confined, with no flow boundary on the bottom 
of this model. The freshwater boundary on the rightmost column is a 
constant head boundary of 1.07 m, and there is constant salinity of 0 
practical salinity units (PSU); the seawater boundary on the leftmost column 
is set as 0.0 m constant head and 35.0 PSU constant concentration (Fig. 4). 
The values used for initial and boundary conditions are modified from 
previous studies (Xu and Hu 2017; Xu et al. 2018a; Davis et al. 2010). The 
conduit parameters determined based on the literature and field 
observations, along with the matrix parameters, are from field data.
The initial condition of hydraulic head in the porous medium gradually rises 
from 0.0 m at the leftmost column to 1.07 m at the rightmost column. The 
salinity in the porous medium is set to be 0.0 PSU at the beginning, except at
the boundary condition. The initial conditions of conduit nodes and tubes are 
the same as those of the surrounding matrix cells, while the salinity and 
hydraulic head at the submarine spring (conduit node at column 11, layer 1) 
is 35.0 PSU and 0.0 m, respectively. Using the VDFST-CFP method, a rigorous
convergence criterion for both the porous medium and conduits is needed, 
therefore, the time step size is specified as 0.0005 day.
Parameters
The parameter values of the porous medium aquifer used in this study are 
the same as those of Davis et al. (2010), who calibrated the parameter 
values in a regional hydraulic model in the Woodville Karst Plain of northern 
Florida, based on observations, field data and a previous numerical study 
(Katz et al. 2004). For the high-resolution requirement of vertical 
discretization in variable-density numerical modeling, the parameters are 
listed in Table 1. However, similar to the conduit parameterization in Xu and 
Hu (2017), conduit diameter and mean roughness heights are synthetic 
instead of field-scale values, because of the limited applicability of the 
VDFST-CFP model for simulating large-diameter conduit networks. The 
parameters in the SEAWAT model are equivalent as the weighted arithmetic 
means from the parameters of the conduit and porous media in the VDFST-
CFP model. The weights are calculated as the volume ratios of the matrix 
and conduit. The porosity and specific storage is assumed to be 1 in the 
conduit, and the dispersivity is set to 0, since advection is dominant process 
and dispersion is not considered in the conduit layer. In the VDFST-CFP 
model, the relationship between the hydraulic conductivity of the conduit in 
the SEAWAT model and the conduit diameter in the VDFST-CFP model is 
shown in Eq. (18) (Xu et al., 2017):
where K is the hydraulic conductivity of the conduit in the SEAWAT model [L3 
T−1]; g is the gravitational acceleration [LT−2]; D is the conduit diameter in 
the VDFST-CFP model [L]; v is the kinematic viscosity [L2 T−1].
Simulation results
Results of single-pipe and double-pipe models
Figure 5 shows the seawater intrusion results simulated by the VDFST-CFP 
model and the comparable SEAWAT model results in single-pipe and double-
pipe scenarios after 0.2 days. High-density seawater flows into the system 
from the leftmost constant-head boundary and submarine spring, and the 
seawater front moves further landward in the conduit system than in the 
surrounding matrix. The salinity distribution in the conduit system is further 
extended, and intrudes into the surrounding matrix via exchange through 
the pipe wall , thus contaminating the freshwater in the matrix. This 
exchange is not accurately simulated in the SEAWAT model, because the 
flow and solute transport through the conduit layer are extremely fast under 
Darcy’s Law. The seawater–freshwater mixing zone in the matrix strongly 
follows the solute transport in the conduit layer, and the contamination 
plume in the porous medium in the double-pipe scenario is also larger and 
longer than that in the single-pipe system in the SEAWAT model. The 
simulated seawater front in the VDFST-CFP model is further landward than 
that in the SEAWAT model, due to the limitation of laminar flow computed by
the Darcy equation in the SEAWAT model. The Reynolds number in the 
conduit system of the VDFST-CFP model is from 3000 to 1.2e+5, which 
represents turbulent flow. Darcy’s equation defines a linear relationship 
between the hydraulic gradient and specific discharge, and non-laminar 
groundwater flow within the conduit system is overestimated. In the double-
pipe model of the VDFST-CFP model, seawater intrusion obviously extends 
further landward in the deep conduit than the shallow one, since the 
hydraulic gradient is larger with higher equivalent freshwater head in the 
deeper conduit network. This updated version of VDFST-CFP provides the 
possibility for further studies on more complex conduit systems in a coastal 
karst aquifer.
Parameter sensitivity analysis
The parameter sensitivities are evaluated in order to assess the control 
factors in simulating seawater intrusion distance in both conduit and porous 
media using the updated version of the VDFST-CFP model. The evaluated 
factors are porous medium parameters including hydraulic conductivity 
(2286–2971 m/day), dispersivity (10–13 m), exchange interaction (2286–
2971 m/day), porosity (0.003–0.0039) and specific storage (5.0e-5–6.5e-5), 
and conduit parameters including diameter (24.4–31.7 cm) and friction factor
(0.0379–0.0492). The composite scale sensitivity (CSS) values are calculated 
by forward approximation on these seven parameters (Hill and Tiedeman 
2006):
where CSSj is the composite scaled sensitivity of the jth parameter; N is the 
number of observations; DSSij is the dimensionless scaled sensitivity of the 
ith observation with respect to the jth parameter; y′iyi′ is the result of the ith 
observation; bjis the jth estimated parameter; b is the parameter vector; Δb 
is a vector of zero, except that the jth parameter equals Δbj, and Δbj should 
be no more than 5% of bj(Saltelli et al. 2000); wi is the weight of the ith 
observation, which is calculated in this paper by the inverse of the standard 
deviation; the standard deviation is 0.003 m for head measurement and 0.1 
PSU for salinity measurement, according to some field studies in Florida 
(Shoemaker 2004; Xu et al. 2018a). A larger CSS value indicates that the 
certain parameter is more important to the simulation results. The results of 
the parameter effects on the single-pipe and double-pipe modeling 
simulations are shown in Fig. 6. In parameter sensitivity analysis, the conduit
simulations are evaluated at all conduit nodes, and the matrix simulations 
are evaluated throughout layer 7, which is 15.24 m above the conduit 
system.
The similar CSS values of the single-pipe and double-pipe systems indicate 
that the parameter sensitivity results are consistent across various 
scenarios. The influence of diameter in the conduit and matrix simulations is 
seen mainly with the largest CSS values, because the diameter significantly 
determines the flow rate computed by the Darcy-Weisbach equation. The 
hydraulic head and salt distribution in the conduit are highly affected by the 
change in conduit flow velocity, which then influences the salinity 
distribution in the porous media through the conduit–matrix exchange. Like 
the conduit diameter, the friction factor also influences the flow rate in the 
Darcy-Weisbach equation; the significance of the friction factor is small to 
the matrix simulation but relatively large to the conduit simulation, 
especially in the double-conduit scenario. As a result, the investigation of the
macro-structure, which changes the conduit diameter and friction factor, is 
very important and will be discussed in the next section. Hydraulic 
conductivity is a major parameter in the Darcy equation and plays a 
significant role in the matrix simulation. This is different from the conclusion 
of Xu and Hu (2017) because of the different location evaluated for the 
matrix simulation. The matrix simulations are evaluated 15.24 m above the 
major conduit network in this study, while Xu and Hu (2017) measured the 
matrix simulation exactly where the conduit nodes of the porous medium 
cells were located. Porosity is another important parameter. The solutions of 
the flow field and transport equation are coupled with each other, and the 
hydraulic head is determined by the salinity distribution in each time step. In
addition, porosity significantly affects the conduit flow via exchange due to 
the fast seepage velocity near the conduit. Therefore, the value of porosity 
strongly influences both the head and salinity calculations in the porous 
medium and conduit systems. In this study, porosity is surprisingly more 
important than hydraulic conductivity in conduit simulation. This 
underestimation of hydraulic conductivity sensitivity is counterintuitive, and 
highlights the uncertainty of hydraulic conductivity in simulating non-Darcian
flow in a porous medium near a conduit system. The exchange rate variation
is not significant to the results in the conduit and matrix, which is consistent 
with Xu and Hu (2017), probably because of the small head difference 
between the conduit and matrix. Dispersion is not an important parameter, 
because salinity transport in the system is dominated by high-velocity 
advection, with negligible dispersion. Matrix simulations show higher 
sensitivity to the matrix parameters such as hydraulic conductivity and effect
porosity than conduit simulation. Compared to the single-pipe system, the 
matrix-conduit exchange, friction factor and specific storage are more 
important to the matrix simulation in the double-pipe system, while the 
significance of hydraulic conductivity and porosity decreases in the double-
pipe system. The difference between the two scenarios can possibly be 
explained by the greater water flow into the conduit system in the double-
pipe system; in this case, the parameters of the conduit, especially conduit 
diameter, play a more important role in seawater intrusion simulation.
Effect of macro-structures
The macro-structures on the conduit wall are considered as expansions and 
contractions by the variation in conduit diameter (section Macro-structures 
of conduits), which is also an indicator of the karst conduit roughness 
complexity. Here, the inter-comparison of macro-structures and mean 
roughness height (section Macro-structures of conduits) with regard to 
seawater intrusion distance in the single-pipe system is studied. Five cases 
with different macro-structures are listed in Table 2 (group 1); the length of 
expansion and contraction are both set (L2 in Fig. 2) as 0.76 m, and the 
diameter difference (De−D for expansion and D−Dc for contraction in Fig. 2) 
is 0.06 m. The original conduit diameter is set as 0.24 m, the same as that in
Table 1. The equivalent mean roughness height of these macro-structures in 
each case is calculated by Eq. (8) and listed in Table 2 (group 2); case 1 is 
the standard case which is calculated in section Results of single-pipe model 
and double-pipe model.
The five cases of seawater intrusion distance under variation of macro-
structure are shown in Fig. 7. The number of macro-structures and mean 
roughness height both play important roles with regard to seawater intrusion
in the conduit system. Seawater intrudes less landward through the conduit 
network with more structural components and higher roughness height, 
while the variation in the number of components and the mean roughness 
height are not significant to seawater intrusion in the matrix. The effect of 
macro-structures (group 1) produces about 1–2 cells (nearly 5%) less 
landward seawater intrusion in terms of distance in the conduit than the 
cases with equivalent roughness (group 2). Although the results of using 
macro-structures and equivalent mean roughness height are very close in 
this study, the expansion and contraction method avoids the limitation of a 
small applicable range for mean roughness height when the friction factor 
becomes unacceptably large.
Conclusion and discussion
VDFST-CFP is a numerical model for simulating variable-density flow in a 
dual-permeability system, particularly for seawater intrusion in a coastal 
karst aquifer (Xu and Hu 2017). In this study, the original VDFST-CFP model 
is improved with the capability of multi-conduit simulation and a better 
description of conduit wall roughness. The flow and transport equations at 
the junction point of the conduit system are modified. Currently, the multi-
conduit system model simulates only two pipes, since the computational cost
becomes significant when even a single pipe is added. The major 
computational cost in using the VDFST-CFP model involves solving the non-
linear flow equation by Newton’s iteration in the conduit system. A sensitivity
analysis of parameters shows that hydraulic conductivity, conduit diameter 
and porosity are the three most important parameters, and diameter is the 
most important factor in controlling intrusion distance, since it strongly 
influences the flow rate in the conduit tubes. The diameter variation in the 
karst conduit by contraction and expansion will be discussed in the next 
paragraph. Conduit diameter becomes even more significant in the double-
conduit system, since more water flows into the conduit. A larger 
contamination plume is found in the dual-conduit system when a shallow 
pipe is added in the system with more complex and extensive seawater–
freshwater interaction in this double-conduit scenario. This result indicates 
that the actual seawater intrusion condition and environmental status are 
even worse than those determined using the former modeling estimation, 
when considering more complex systems in a real coastal aquifer.
This study also improves the conduit structure and geometry using 
expansion and contraction of micro- and macro-structures. The size of the 
micro-structures on the conduit wall is considered as mean roughness height
in the density-dependent conduit flow, and implemented in the Goudar-
Sonnad equation (Goudar and Sonnad, 2008). In this work, larger mean 
roughness height results in less landward seawater intrusion. The large 
structures on the conduit wall, on the other hand, are considered as 
contraction and expansion, which may cause additional local head loss due 
to energy loss at the small structures on the conduit wall. This study 
provides a modeling method to take both friction and local head loss into 
account in the flow of karst conduit systems, and reveals the significant 
effects of large conduit wall components on flow simulation. A parameter 
sensitivity study shows that more components lead to slower seawater 
intrusion in conduits, but they have little effect on salinity transport in the 
matrix. An inter-comparison test is set up with five different pairs of macro-
structures and five equivalent large mean roughness heights. The results 
show that seawater intrusion cases are similar between the case of macro-
structures and equivalent mean roughness height, although 5% more 
landward intrusion can be found with macro-structures. The method of using 
local head loss by macro-structures has a larger applicable range for friction 
factors, since the equivalent mean roughness height is larger than 1/10 of 
the diameter when considering four pairs of macro-components.
The current study aimed to investigate seawater intrusion in a synthetic 
coastal karst aquifer with the effect of multiple pipes and pipe structures; 
hence all the simulations are transient flow due to the salinity variation 
calculation. This study does not evaluate groundwater pumping effects on 
karstic coastal aquifers, as most pumping wells are not located exactly at the
conduit or right above the conduit. VDFST-CFP only simulates seawater 
intrusion through the conduit network in the surrounding matrix in the 2D 
cross section where the conduit network is located. However, the pumping 
effect will be important when VDFST-CFP is extended to simulate seawater 
intrusion in a 3D domain. Xu et al. (2018a) also analyzed the effect of sea 
level variation and rainfall period by the SEAWAT model. Also, related 
investigations regarding sea level and precipitation using the VDFST-CFP 
method may be conducted in the future. Other limitations of this model are 
grid resolution restriction and computation burden. The numerical accuracy 
of the VDFST-CFP model is controlled by the conduit diameter and Newton-
Raphson method criteria (Xu and Hu 2017); the mass balance error becomes
unacceptable when the model has even coarser spatial and temporal 
resolution. The acceptable range of mass balance error is 2%. This error is 
larger with the double-pipe than the single-pipe model in most cases due to 
more complex density calculation. These limitations are the largest obstacle 
to applying the VDFST-CFP model to a real-world case. Future studies should 
investigate how to improve simulation accuracy and reduce the 
computational burden; also, complex conduit systems and conduit wall 
structures can be further studied to expand the application of the VDFST-CFP
model.
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